In a continuing effort to analyze the selectivity/redundancy of the three glutaredoxin (Grx) enzymes of the model cyanobacterium Synechocystis PCC6803, we have characterized an enzyme system that plays a crucial role in protection against two toxic metal pollutants, mercury and uranium. The present data show that Grx1 (Slr1562 in CyanoBase) selectively interacts with the presumptive mercuric reductase protein (Slr1849). This MerA enzyme plays a crucial role in cell defense against both mercuric and uranyl ions, in catalyzing their NADPH-driven reduction. Like MerA, Grx1 operates in cell protection against both mercury and uranium. The Grx1-MerA interaction requires cysteine 86 (C86) of Grx1 and C78 of MerA, which is critical for its reductase activity. MerA can be inhibited by glutathionylation and subsequently reactivated by Grx1, likely through deglutathionylation. The two Grx1 residues C31, which belongs to the redox active site (CX 2 C), and C86, which operates in MerA interactions, are both required for reactivation of MerA. These novel findings emphasize the role of glutaredoxins in tolerance to metal stress as well as the evolutionary conservation of the glutathionylation process, so far described mostly for eukaryotes.
C yanobacteria, the very abundant photosynthetic prokaryotes which support much of the life on Earth in using solar energy to produce oxygen and biomass for the food chain, are continuously challenged with the toxic reactive oxygen species (ROS) generated by their respiration and photosynthesis. Among other processes, these ROS impair the redox homeostasis of cellular thiols, which can be subsequently restored by the thioredoxin and glutaredoxin systems (1) . In the glutaredoxin system (2), NADPH is used to sequentially reduce (i) the glutathione reductase (GR) enzyme present in many, but not all (3), organisms; (ii) the glutathione (GSH) tripeptide; and (iii) the glutaredoxin (Grx) enzymes, which can also be reduced by the thioredoxin reductase enzymes (3) (4) (5) . Grxs are widely conserved proteins that comprise two main families: the dithiol enzymes with a CX 2 C redox center (where C stands for cysteine and X stands for any other amino acid) and the monothiol enzymes with a CX 2 S redox-active center (where S stands for serine). The dithiol Grxs catalyze the reduction of disulfides (protein-S-S) or glutathione mixed disulfide (protein-S-SG) by a dithiol (CX 2 C-requiring) or a monothiol (CX 2 Sdependent) mechanism. In contrast, monothiol Grxs operate in the sensing of cellular iron and in the biogenesis of iron-sulfur clusters that play crucial roles in electron transfer processes (6) (7) (8) . Some monothiol Grxs have also been reported to catalyze protein deglutathionylation (5, 9) . However, the selectivity/redundancy of the Grx enzymes is poorly understood for photosynthetic organisms, even for cyanobacteria that possess a small number of Grxs (1), compared to plants (10) . Whereas Arabidopsis thaliana has 31 Grxs (10), the model cyanobacterium Synechocystis PCC6803 (here Synechocystis) has only one monothiol Grx (11) and two dithiol enzymes (1) . These two dithiol Grxs, Grx1 and Grx2, were shown to specifically interact with various proteins operating in tolerance to arsenate (12) and selenate (3) .
In this study, we pursued the analysis of the Grx enzymes, emphasizing their possible role in protection against mercury (13) and uranium (14) , which are massively used by human industries, leading to pollutions (15) (16) (17) . Grx1 (Slr1562 in CyanoBase [http: //genome.kazusa.or.jp/cyanobase/]), but neither Grx2 nor Grx3, appeared to interact with the Slr1849 protein, which is presented as a presumptive mercuric reductase (MerA) enzyme in CyanoBase. This MerA-like protein was found to operate in the protection against, and the NADPH-driven reduction of, not only mercuric but also uranyl ions (thereby challenging the notion of metal selectivity). Hence, cyanobacterial enzymes like MerA with the capacity to remediate both mercury and uranium might be interesting for future utilization of cyanobacteria for bioremediation (18) , as most polluted sites contain cocktails of toxic metals. Consistent with the MerA-Grx1 interaction, Grx1 appeared to be crucial for protection against both mercury and uranium, like MerA. Furthermore, the activity of MerA was found to be inhibited by glutathionylation (formation of a glutathione mixed disulfide between a Cys residue of the protein and the Cys residue of glutathione) and subsequently reactivated by Grx1, likely through a deglutathionylation process. These findings emphasize the evolutionary conservation of the glutathionylation/deglutathionylation control of enzyme activity, a biological process described mostly for eukaryotes (19, 20) .
MATERIALS AND METHODS
Microbial strains, growth conditions, and gene transfer procedures. Synechocystis PCC6803 (here Synechocystis) was grown at 30°C or 39°C (depending on the strain) on mineral medium (MM) derived from BG11 (21), as described previously (22) . For plate assays, 10-l aliquots of 10-fold serial dilutions of mid-log-phase cultures (2.5 ϫ 10 7 cells · ml Ϫ1 ) were spotted onto solid MM with or without the indicated concentration of HgCl 2 and UO 2 (CH 3 COO) 2 , which were incubated for 5 to 7 days prior to image acquisition. Escherichia coli strains used for gene manipulations (HB101, XL1-Blue MRF=, and TOP10 [Invitrogen]), production of recombinant proteins [BL21(DE3) (Novagen) and KY2266 (23)], two-hybrid assays (DHM1 [24] ), or conjugation (CM404) of Synechocystis (22) were grown on LB medium at 30°C (CM404 and KY2266) or 37°C (all other strains). Antibiotics used for selection were as follows: ampicillin (Ap) at 100 g · ml Ϫ1 , chloramphenicol (Cm) at 50 g · ml Ϫ1 , kanamycin (Km) at 50 g · ml Ϫ1 , nalidixic acid at 20 g · ml Ϫ1 , and spectinomycin (Sp) at 100 g · ml Ϫ1 for E. coli, and Cm at 10 g · ml Ϫ1 , Km at 50 to 300 g · ml Ϫ1 , Sp at 5 g · ml Ϫ1 , and streptomycin (Sm) at 5 g · ml Ϫ1 for Synechocystis.
Gene cloning and manipulation. Synechocystis DNA was PCR amplified with specific primers to generate the studied genes without or with their two flanking genomic regions for homologous recombinations mediating targeted gene replacement upon transformation (25) . After cloning into the appropriate plasmids (Table 1) , the studied protein-coding sequences were either mutagenized (QuikChange mutagenesis kit; Stratagene) or replaced by an antibiotic-resistant marker inserted in the same orientation. These constructions were verified by PCR and DNA sequencing (BigDye kit; ABI Perkin-Elmer), before and after propagation in Synechocystis. PCR was also used to assay whether segregation between the wild-type (WT) and mutant copies of the polyploid (25) chromosome was complete (the studied gene is dispensable for cell growth) or not (the gene is essential for cell viability).
Analysis of protein-protein interactions with the bacterial two-hybrid system. Each Synechocystis full-length coding sequence was translationally fused to the intrinsically inactive adenylate cyclase (AC) domains of the replication-compatible plasmids pKT25 and pUT18, which were subsequently doubly transformed into E. coli reporter strain DHM1 to search for AC reconstitution, which turns on ␤-galactosidase production (24) , generating the blue color of the cells grown during 2 days at 30°C on indicator plates containing 5-bromo-4-chloro-3-indolyl-␤-D-galactopyranoside (X-gal) (40 mg · ml Ϫ1 ; Eurobio), isopropyl-1-thio-␤-D-galactopyranoside (IPTG) (0.5 mM; Invitrogen), Ap, Km, and nalidixic acid. ␤-Galactosidase (␤-Gal) activity was measured as described previously
Overproduction of affinity-tagged proteins and GST pulldown. The coding sequence of each studied protein was PCR amplified and tagged by cloning into the appropriate E. coli vectors ( Table 1 ). The resulting plasmids were introduced into E. coli strain BL21(DE3) for the production of recombinant proteins tagged with either 6ϫHis or glutathione S-transferase (GST) or into triple-protease-defective mutant strain KY2266 (23) for the production of the maltose-binding protein (MBP)-tagged MerA protein. Cells grown at 30°C for 2 h (up to an optical density at 600 nm [OD 600 ] of 0.5 to 0.7) were induced with 0.5 to 1 mM IPTG for 4 to 12 h at 30°C, washed, and resuspended in 2 ml of lysis buffer (10 mM Tris-HCl [pH 7.4], 150 mM NaCl, 10% glycerol, and 1% IGEPAL; Sigma) for the purification of 6ϫHis-tagged proteins. In contrast, 2 ml of PBS (10 mM phosphate buffer [pH 7.4], 120 mM NaCl, 2.7 mM KCl, 1 mM phenylmethylsulfonyl fluoride [PMSF], 10 mM dithiothreitol [DTT] , and 0.1% Triton X-100) was used for the purification of GST-tagged proteins, and 5 ml buffer A (30 mM TrisHCl [pH 8], 200 mM NaCl) was used for MBP-MerA purification.
Cells were then rapidly frozen in an Eaton press chamber cooled in a dry ice ethanol bath, disrupted (250 MPa), and centrifuged at 14,000 ϫ g for 30 min at 4°C (22) to collect the supernatant (about 1.5 ml) containing the soluble proteins. For the purification of the MBP-MerA fusion protein, the supernatant was loaded onto a 1-ml amylose resin column (New England BioLabs) preequilibrated and washed (10 bed volumes) with buffer A. Following elution with 10 mM maltose (Sigma) in buffer A, the purity of MBP-MerA, checked by SDS-PAGE, was Ͼ90%. The MBP tag was then cleaved (factor Xa protease; New England BioLabs) and removed by anion-exchange chromatography (Bio-Rad). The presence of MerA in the eluted fractions was confirmed by mass spectrometry analysis on a matrix-assisted laser desorption ionization-time of flight (MALDI-TOF) apparatus after trypsin cleavage (peptide mass fingerprint), and its concentration was determined spectrophotometrically by using its calculated molar extinction coefficient at 280 nm (30,470 M Ϫ1 · cm Ϫ1 ). Purified MerA was concentrated in 30 mM Tris-HCl (pH 8)-200 mM NaCl with Amicon Ultra centrifugation filters (Millipore) and briefly stored at Ϫ80°C prior to analysis.
6ϫHis-tagged proteins were purified on Ni-nitrilotriacetic acid (NTA) agarose beads (Qiagen) and eluted with lysis buffer containing 200 mM imidazole. For GST pulldown analysis, 1 g of GST-tagged Grx1 was immobilized on glutathione-Sepharose beads (Pharmacia) and incubated with 80 l of cell extract (10 mg of proteins) containing MerA-6ϫHis in 900 l of binding buffer (20 mM HEPES [pH 6.8], 100 mM KCl, 5 mM MgCl 2 , 2% glycerol, 1 mM DTT, 1 mM PMSF, and 1 mM EDTA) for 2 h at 4°C under continuous rotation. Beads collected by centrifugation were washed three times (Qiagen buffer), resuspended in 50 l of binding buffer, and boiled for 5 min in sample buffer prior to SDS-PAGE (16% polyacrylamide). The purity of the studied proteins was Ͼ90%.
Mercuric and uranyl reductase activities. Mercuric reductase activity was assayed (26) at 37°C with a solution containing 80 mM sodium phosphate (pH 7.4), 200 M NADPH, 1 mM 2-mercaptoethanol, 2 M flavin adenine dinucleotide (FAD), and 100 M HgCl 2 on either Synechocystis cell extracts or 0.5 M purified MerA. The activity was monitored for 2 min as the decrease in A 340 (molar extinction coefficient of 6,200 M Ϫ1 · cm Ϫ1 ) attributable to NADPH oxidation. As indicated, HgCl 2 was replaced by UO 2 (CH 3 COO) 2 (200 M), and MerA was either reduced by a 15-min treatment at 22°C with 10 mM DTT in Tris-HCl (pH 8) or glutathionylated by a 30-min incubation with 20 mM oxidized glutathione (GSSG) followed by filtration and resuspension in phosphate buffer prior to the enzyme assay (27) . When required, 0.5 M Grx1 (WT or mutants) or Grx2 and 1 mM reduced glutathione (GSH) were added to the reaction mixture. One unit of reductase activity is defined as the amount of enzyme that catalyzes the oxidation of 1.0 mol NADPH per min.
Production of biotinylated glutathione. The water-soluble biotinylation reagent EZ Link Sulfo-NHS-Biotin (Perbio Science) was used to couple biotin to the primary amino group of GSSG, as described previously (28) . The biotinylation reagent (40 l; 48 mM) was incubated with GSSG (40 l; 32 mM) in 50 mM potassium phosphate buffer (pH 7.2) for 1 h at room temperature, generating biotinylated GSSG (BioGSSG). Free biotin was then quenched by adding 28 l of 0.6 M ammonium carbonate (NH 4 HCO 3 ).
In vitro glutathionylation of MerA with BioGSSG. MerA was reduced with 50 mM DTT, desalted in 30 mM Tris-HCl (pH 8)-200 mM NaCl with NAP-5 columns (GE Healthcare), treated or not with 100 mM iodoacetamide (IAM) and 20 mM N-ethylmaleimide (NEM) as alkylating agents for 30 min in the dark, and then incubated for 1 h with 2 mM BioGSSG in 30 mM Tris-HCl (pH 7.9). As indicated, the reversibility of the glutathionylation treatment was checked with a 30-min incubation with 50 mM DTT. All treatments were performed at room temperature. Proteins were then loaded onto nonreducing SDS-PAGE gels and analyzed by Western blotting using antibiotin antibodies, as described previously (28) .
RESULTS
Characterization of a specific interaction between Grx1 and the presumptive mercuric reductase (MerA) with a bacterial twohybrid system and identification of crucial amino acid residues in each partner. To search for new protein targets of the three Grxs of Synechocystis PCC6803 (Synechocystis), we used the bacterial adenylate cyclase two-hybrid (BACTH) system (24) , which works well in our hands (3, 29) . Therefore, the full-length coding sequences of the dithiol glutaredoxins (3) Grx1 (Slr1562 in CyanoBase) and Grx2 (Ssr2061) and the monothiol enzyme (11) Grx3 (Slr1846) were cloned into the two BACTH reporter plasmids pUT18 and pKT25 (Table 1) . The resulting plasmids, pUT18-Grx and pKT25-Grx, were independently used as baits to identify pairwise interactions restoring the production of the ␤-galactosidase reporter enzyme. Two percent of the thousand protein-protein interaction tests that were performed turned out to be positive (data not shown). As a positive-control test, we verified ( Table 2 ) that the BACTH system was able to detect the interaction between Grx2 and ArsC (Slr0946), the arsenate reductase enzyme (12) . This finding gave us confidence in the novel interaction reported here (Table 2 ) between Grx1 and the presumptive mercuric reductase protein MerA (Slr1849), a well-conserved protein in cyanobacteria (see Fig. S1 in the supplemental material). The MerA-Grx1 interaction appeared to be specific, as MerA interacted with neither Grx2 nor Grx3 (Table 2) . To strengthen confidence in the Grx1-MerA interaction, interaction-disruptive amino acid substitutions we searched for, focusing on cysteine (C) residues because they can be critical for the activity of Grxs (30) and bacterial MerA enzymes (31) . Hence, the cysteine residues of Grx1 and MerA were independently replaced by a serine (S). In addition, several charged amino acids were independently replaced by neutral ones. The results led to the identification of amino acids critical for the Grx1-MerA interaction (Table 2) in both the Grx1 (C86, K52, and Q97) and MerA (C78 and E70) protein partners.
Validation of the Grx1-MerA interaction with GST pulldown assays and confirmation of the crucial role of amino acids C86 of Grx1 and C78 of MerA. The Grx1-MerA interaction detected with the two-hybrid test (Table 2) was confirmed with a GST pulldown assay. First, the GST and 6ϫHis tags allowing facile protein purification were fused to the N terminus of Grx1 (GST-Grx1) and the C terminus of MerA (MerA-6ϫHis), respectively. The pulldown assay then showed the MerA-6ϫHis protein to be retained by the GST-Grx1 hybrid protein but not by the GST protein alone (Fig.  1) . Furthermore, the same mutations, C86S in Grx1 and C78S in MerA (Fig. 1) , abolished the Grx1-MerA interaction detected with both the two-hybrid test (Table 2 ) and the GST pulldown (Fig. 1) .
The MerA protein operates in the protection of Synechocystis against both mercury and uranium. To investigate the role of the MerA-like protein in the fitness of Synechocystis, a merA deletion cassette (⌬merA::Km r ) ( Table 1 ) was constructed and introduced by transformation into Synechocystis. The transformant clones retained no wild-type (WT) copies of the chromosome, which is polyploid (25) , showing that MerA is dispensable for cell growth under standard laboratory conditions. The merA null mutant appeared to be more sensitive to mercuric ions (Hg 2ϩ ) than the WT strain (Fig. 2) , showing that MerA operates in protection against mercury. Having noticed the high level of sequence homology (55% identities and 71% similarities) between the MerA-like proteins from Synechocystis and the uranium-tolerant bacterium Geobacter uraniireducens (GenBank accession number ZP_01142587), we tested whether the Synechocystis MerA-like protein might operate in protection against uranyl ions (UO 2 2ϩ ) as well. Indeed, the merA null mutant (⌬merA::Km r ) was less tolerant to UO 2 2ϩ than the WT strain (Fig. 2) . These data were confirmed as follows. First, the merA protein-coding sequence (Table 1) was cloned into plasmid pFC1, which replicates autonomously in various hosts, including Synechocystis (32, 33) . pFC1 harbors the cI 857 gene, encoding the temperature-sensitive repressor that tightly controls the activity of the otherwise strong p R promoter located downstream, which is followed by the cro ribosome-binding site (5=-AGGA-3=) and an ATG start codon (in boldface type) embedded within the unique NdeI restriction site (5=-CATATG-3=) for in-frame fusion of the studied protein-coding sequences. Hence, using pFC1, the production of the studied proteins is strongly dependent on the growth temperature (high-level production at 39°C, moderate-level of production at 34°C, and absence of production at 30°C). The results showed that a moderate heat induction of MerA production in cells incubated at 34°C increased their resistance to both mercury and uranium ( Fig. 2) . Second, the merA gene expressed from its own promoter (Table 1) was cloned into our pSB2A plasmid that replicates at the same 10 copies per cell (34) as the polyploid chromosome (25) . The resulting plasmid, pSmerA, was introduced and stably propagated in the merA null mutant, yielding ⌬merA::Km r /pSmerA cells, which expressed merA at a natural level and displayed the WT level of tolerance to both Hg 2ϩ and UO 2 2ϩ , as expected (Fig.  2) . Collectively, these data demonstrate that MerA operates in protection of Synechocystis against both mercury and uranium.
The conserved C78 residue of the MerA protein of Synechocystis is crucial to cell protection against mercury and uranium. The same plasmid strategy was used to test the influence of the C78 residue of MerA, which belongs to its presumptive redox-active site (C 78 X 4 C 83 , conserved in cyanobacteria) (see Fig. S1 in the supplemental material), on cell tolerance to mercury and uranium. The merA C78S mutant allele was cloned into pSB2A and subsequently introduced into the merA null mutant. The resulting ⌬merA::Km r / pSmerA C78S strain remained as sensitive to both Hg 2ϩ and UO 2 2ϩ as its parental merA null mutant (Fig. 2) . This finding shows that the conserved C78 residue of MerA is crucial to MerA-driven protection of Synechocystis against both mercury and uranium.
Enzymological confirmation that the Synechocystis MerA enzyme possesses a NADPH-driven mercuric/uranyl reductase activity requiring C78 of its conserved CX 4 C redox-active motif. MerA proteins with or without the C78S mutation were produced in E. coli as recombinant fusion proteins with a C-terminal 6ϫHis tag for facile purification (Table 1) . A classical test that measures the NADPH-driven reduction of mercuric ions (26) was then used to show that the Synechocystis MerA protein was able to catalyze the NADPH-dependent reduction of not only mercuric but also uranyl ions (Table 3) . MerA activity appeared to be increased by the full reduction of MerA with DTT prior to the enzyme assay (Table 3 ). In contrast, MerA activity was abolished by the C78S mutation of its conserved redox-active cysteine (Table 3) , which decreased MerAdriven cell protection against both Hg 2ϩ and UO 2 2ϩ (Fig. 2) . Grx1 is involved in the defense of Synechocystis against both mercury and uranium, like MerA. The presently reported MerAGrx1 interaction led us to speculate that Grx1 might also be involved in resistance to both mercury and uranium. The grx1 null mutant (⌬grx1::Km r ) (Table 1) , which is as fit as the WT strain in the absence of stress (3), was found to be more sensitive to both Hg 2ϩ and UO 2 2ϩ than WT cells (Fig. 2) . To confirm that this phenotype can be rescued by Grx1, the grx1 gene was cloned into the pSB2A vector, and the resulting pSgrx1 plasmid (Table 1) was introduced in the grx1 null mutant. The resulting ⌬grx1::Km r / pSgrx1 cells displayed WT levels of tolerance to Hg 2ϩ and UO 2 2ϩ (Fig. 2) . Together, these data show that Grx1 operates in cell protection against both mercury and uranium, like MerA. In contrast, Grx2, which does not interact with MerA (Table 2 ), appeared to be dispensable for tolerance to Hg 2ϩ and UO 2 2ϩ (Fig. 2) . In vivo evidence that MerA needs to interact with Grx1 in order to protect cells against mercury and uranium. The role of [UO 2 (CH3CO 2 ) 2 ] (500 M) and subsequently incubated for 4 to 5 days prior to image acquisition. The strains are indicated as WT (wild type), ⌬merA (merA null mutant), ⌬grx1 (grx1 null mutant), and ⌬grx2 (grx2 null mutant). The complementation tests of the null mutants were performed at 30°C with the pSB2A replicating plasmid that expressed either the merA gene (pSmerA) or its C78S mutant allele (pSmerA C78S ), or the grx1 gene (pSgrx1) or its mutant allele (pSgrx1 C86S ). The overexpression tests were done at 34°C with WT cells propagating the pFmerA replicating plasmid that expressed the merA coding sequence under the control of a temperature-regulated promoter. These experiments were repeated three times. the MerA-Grx1 interaction in the defense against mercury and uranium was tested as follows. The grx1 C86S mutant gene encoding the Grx1 C86S protein, which was unable to interact with MerA (Table 2 and Fig. 2 ), was cloned into plasmid pSB2A. The resulting plasmid, pSgrx1 C86S , was introduced into the Hg-and U-sensitive grx1 null mutant, yielding the ⌬grx1::Km r /pSgrx1 C86S strain. These cells remained sensitive to both Hg 2ϩ and UO 2 2ϩ , unlike the ⌬grx1::Km r /pSgrx1 strain. These findings showed that the grx1 C86S mutant gene had lost the ability of the WT grx1 allele to restore tolerance to Hg 2ϩ and UO 2 2ϩ to grx1 null cells (Fig. 2) . Together, these data show that the Grx1 interaction with MerA is required for tolerance to both Hg 2ϩ and UO 2 2ϩ . MerA activity is impaired by glutathionylation and subsequently restored by Grx1, which likely catalyzes MerA deglutathionylation. The interaction between the Grx2 and ArsC enzymes (Table 2) is consistent with a previous in vitro report that ArsC can be glutathionylated upon arsenate reduction and subsequently reactivated through deglutathionylation catalyzed by the E. coli GrxA enzyme (35) . By analogy with these data, the presently described MerA-Grx1 interaction led us to speculate that MerA might be glutathionylated upon Hg 2ϩ reduction and subsequently deglutathionylated by Grx1. Hence, using standard in vitro procedures to assay glutathionylation (27, 28) , MerA was incubated with biotinylated glutathione (BioGSSG). Subsequently, the presence of glutathione adducts on MerA was analyzed by Western blotting using an antibiotin antibody (Fig. 3) . A clear signal was observed for the BioGSSG-treated MerA protein, which completely disappeared after subsequent reduction with DTT treatment (Fig. 3) . Furthermore, MerA glutathionylation (MerASSG) was confirmed by showing that it could be prevented (Fig. 3) by MerA pretreatment with the specific cysteine-alkylating agents iodoacetamide (IAM) and N-ethylmaleimide (NEM), known to impair glutathionylation. Also, interestingly, MerA glutathionylation was shown to inhibit MerA activity, which could be restored subsequently by Grx1 (Table 3 ). The redox-active C31 residue of Grx1 was crucial for Grx1-mediated reactivation of MerA. Similarly, the C86 residue of Grx1, critical for the MerA-Grx1 interaction (Table 2 and Fig. 1 and 2) , was also required for MerA reactivation (Table 3) . To confirm the positive influence of Grx1 on MerA activity, we compared the levels observed in cell extracts prepared from the WT strain and the grx1 null mutant (⌬grx1:: Km r ). As expected, WT cells displayed higher-level mercuric and uranyl reductase activities than grx1 null cells (Table 4) . Collectively, these data indicate that MerA can be inactivated by glutathionylation and subsequently reactivated by Grx1, which likely catalyzes MerA deglutathionylation. In contrast, Grx2 could not reactivate glutathionylated MerA (Table 3 ), in agreement with the absence of a Grx2-MerA interaction (Table 2 ) and the dispensability of Grx2 for cell protection against Hg 2ϩ (Fig. 2) .
DISCUSSION
We pursued the analysis of the widely conserved glutaredoxins (Grxs) in the model cyanobacterium Synechocystis PCC6803, which possesses two dithiol enzymes (Grx1 [Slr1562] and Grx2
[Ssr2061]) (3, 12) and one monothiol Grx (Grx3 [Slr1846]) (11) . The bacterial two-hybrid system (24) , which worked well in our hands (3, 29) , was used to search for proteins selectively interacting with only one Grx. Grx1, but neither Grx2 nor Grx3, was found to interact with the Slr1849 protein ( Table 2 ). This protein, highly conserved in cyanobacteria (see Fig. S1 in the supplemental material), with the exceptions of Prochlorococcus and marine Synechococcus species, is homologous to the bacterial mercuric reductase enzyme MerA (http://genome.kazusa.or.jp/cyanobase/). The Grx1-MerA interaction was confirmed with GST pulldown assays ( Fig. 1 ) and the identification of critical amino acids in each partner, such as the C86 residue of Grx1 and the C78 residue of MerA (Table 2 and Fig. 1 ). Through gene deletion and plasmid complementation analyses ( Fig. 2 ) with replicative vectors (32, 34) , MerA was found to be (i) dispensable for cell growth in the absence of stress and (ii) crucial to cell defense against mercuric ions (HgCl 2 ). Consistently, MerA was shown to possess genuine NADPHdriven mercuric reductase activity, which requires residue C78 residue of its invariant redox motif (CX 4 C) ( Table 3 ). The high level of sequence homology between the MerA proteins from the bacterium Geobacter uraniireducens (GenBank accession number ZP_01142587) and Synechocystis suggested to us that the Synechocystis MerA enzyme might also operate in protection against uranyl ions. Indeed, MerA was found to possess a NADPH-driven uranyl reductase activity ( Table 3) that is crucial to uranium tolerance (Fig. 2) . This is the first report of an enzyme displaying both mercuric and uranyl reductase activities. Challenging the notion of metal selectivity, such cyanobacterial enzymes with the capacity to remediate at least mercury and uranium, two frequent pollutants (15) (16) (17) , might be of value for future bioindication and/or bioremediation purposes, as most polluted sites contain cocktails of toxic metals. Also, interestingly, Grx1 was found to be involved in the defense of Synechocystis against both Hg and U, in agreement with the Grx1-MerA interaction (Fig. 2) . Furthermore, the C86 residue of Grx1, which is crucial to its interaction with MerA, was shown to be critical for cell protection against both Hg and U (Fig. 2) . To our knowledge, this is the first report that a Grx enzyme operates in defense against both mercury and uranium. As a negative control, we verified that Grx2, which does not interact with MerA (Table 2) , is involved in neither Hg nor U tolerance (Fig. 2) . Grx2, but not Grx1, was found to interact with ArsC, the arsenate reductase enzyme (Table 2) , which can be glutathionylated upon arsenate reduction and subsequently reactivated through deglutathionylation catalyzed by the heterologous E. coli GrxA enzyme (35) . By analogy with these results, the presently reported MerA-Grx1 interaction led us to speculate that MerA might be glutathionylated upon Hg 2ϩ reduction and subsequently deglutathionylated by Grx1. Indeed, MerA activity could be inhibited by glutathionylation (Table 3 and Fig. 3 ) and subsequently reactivated by Grx1 (Table 3) . Furthermore, MerA activity appeared to be lower in the grx1 null mutant than in the WT strain (Table 4) . Moreover, the C31 (redox-active site) and C86 (MerA interaction) residues of Grx1 were found to be critical for MerA reactivation (Table 3) . To our knowledge, this is the first report that mercuric reductase activity can be regulated by glutathionylation, under the control of a glutaredoxin likely catalyzing deglutathionylation. Collectively, our findings shed light on the selectivity of the Grx enzymes, an as yet poorly understood phenomenon in photosynthetic organisms (36) . These findings are also important for emphasizing the evolutionary conservation of the glutathionylation/deglutathionylation process, so far described mostly for eukaryotes (19, 20, 37) . In prokaryotes, only few proteins are known to be regulated via glutathionylation, namely MetE (methionine biosynthesis), phosphoadenylyl-sulfate (PAPS) reductase (sulfur assimilation), ArsC (arsenate reduction), and OxyR (transcriptional regulation) (38) . We propose to include MerA in this list.
